This work focused on the development of a reinforcing filler from renewable natural plant resources as part of the ongoing search for environmental friendly fillers that will substitute synthetic reinforcing fillers such as carbon black and silica in rubber manufacturing. The cure characteristics, physico-mechanical and equilibrium swelling properties of natural rubber, Standard Nigerian Rubber (SNR 10 ) vulcanizates separately filled with commercial grade carbon black (CB), N330 and pulverized natural plant material, Velvet tamarind (VT), seed shell were investigated. The results of the analyses showed that the scorch and cure times decreased while the maximum torques increased with increasing filler loading for both filled-SNR 10 vulcanizates. The tensile strengths of both VT-filled and CB (N330) filled-SNR 10 vulcanizates increased to 30 phr and 40 phr respectively and decreased with increasing filler loading. The modulus at 100% strain, specific gravity, abrasion resistance and hardness increased while elongation at break, equilibrium swelling and rebound resilience decreased with increasing filler loading for both filled-SNR 10 vulcanizates. The results showed that Velvet tamarind seed shell manifested a reinforcing effect on the SNR 10 compounds but lower than that of CB (N330) filler.
INTRODUCTION
Polymers have been known to form a class of materials used for their bulk properties. The bulk properties of a polymer are those properties that dictate how the polymer actually behaves on a microscopic scale. They include the tensile and tear strengths, abrasion resistance, modulus, resilience, hardness, ageing behaviour, specific gravity, gas and solvent permeability, among others (Bhatnagar, 2004) . These properties are crucial in almost all engineering and technical applications of polymer products. However, it has been severally documented that raw natural rubber and many synthetic elastomers lack the necessary physical and mechanical properties needed for their wide range of possible applications. For instance, raw natural rubber and most synthetic elastomers have low strength and elasticity exhibited over a narrow range of temperature. Also, raw natural rubber has been found to degrade or change its properties in the presence of air, light and at elevated temperatures (Bhatnagar, 2004 ). All these factors would limit the uses and applications of raw polymer in service. To meet their service requirements, these bulk properties of the raw polymer can be improved by the incorporation of a variety of additives or compounding ingredients to the base polymer during processing. It has been shown that without these ingredients, few polymers are adequate for only trivial applications (Billmeyer, 1984; Boonstra, 1984) . Additives facilitate the mixing and processing behaviour of polymers, make their vulcanization easier, increase the stability and durability of polymer products under variable temperature conditions, and permit a wide range of modifications of vulcanizate properties and their adoption to multitude of service requirements. The basic additives include vulcanizing agents, activators, accelerators, anti-degradants, fillers, processing aids, retarders and miscellaneous ingredients. Apart from the vulcanization system, the use of fillers is of utmost importance in order to achieve the desired properties of vulcanizates Osabohien, 2010) .
Fillers affect the property spectrum of polymeric materials. Two types of fillers namely reinforcing and non-reinforcing fillers, are known (Osabohien and Egboh, 2007, 2008) . A reinforcing filler increases the viscosity of polymer compounds and improves the mechanical properties of vulcanizates while a non-reinforcing filler leads to increases in viscosity and may not improve the mechanical properties but add bulk and can be used in low cost products. Carbon black is one of the oldest and most widely used reinforcing filler in natural rubber compounds. However, many research and development efforts have increased since the last two decades to develop and utilize materials from renewable resources such as natural plant materials while not compromising the properties of the vulcanizates. The reinforcing fillers from natural sources offer intrinsic properties and are renewable, relatively low cost, biodegradable, fairly high specific modulus and their use may serve as a means of converting waste agricultural products to wealth. Furthermore, it has been reported that natural plant materials and fibre-reinforced biocomposites are light in weight, have high physico-mechanical properties, easily recyclable and exhibit high resistance to corrosion and weather changes, biodegradable and low cost, hence, are environmental friendly (Pranut et al., 2001; Ray et al., 2001a; Nishino et al., 2003; Wang et al., 2003; Imanah and Okieimen, 2004; Sogbaike et al., 2005; Mathew et al., 2006; Osabohien and Egboh, 2007, 2008; Abubakar et al., 2012; Chaiwat et al., 2013) .
Velvet tamarind (Dialium guineese, wild), belonging to the family, leguminosae is a wild tropical fruit-bearing plant with small grape-size edible fruits which have brown, thin, brittle inedible shells. Each fruit has one or two hard, flat, round, brown seeds that resemble the water melon seed. The fruit pulp has pleasant sour taste. In Nigeria, the fruits are sold in local markets between January and April of each year (Obasi et al., 2013) .
The purpose of this research study is to explore the possibility of using Velvet tamarind seed shell as alternative filler to carbon black in natural rubber compounds. The study investigated the cure characteristics, physico-mechanical and equilibrium swelling properties of natural rubber compounds filled with Velvet tamarind (VT) seed shell and commercial grade carbon black, CB (N330).
MATERIALS AND METHODS

Materials
The Preparation and characterization of VT seed shell, CB (N330) and SNR 10 Velvet tamarind seeds were shelled with hands and the shells were dried to a constant mass in an oven maintained at 80 °C for a few hours. The dried shells were ground into powder by means of the Corona grinding machine. The pulverized specimen was screened through a sieve of mesh size 200 µm.
The sieved VT seed shell and CB (N330) were characterized in terms of their moisture content, loss on ignition, iodine adsorption number, density, pH of aqueous slurries and metallic and non-metallic contents using standard testing methods (Vogel, 1964; Christian, 1980; ASTM DI510, 1983) . The natural rubber, SNR 10 , was characterized in terms of dirt content, ash content, nitrogen content, volatile matter, Mooney viscosity and Plasticity Retention Index (PRI) using standard techniques (ASTM D389-99, 1993 , SAR, 1984 , RRIM, 1989 .
Compounding and curing of the SNR 10 mixes Table 1 shows the formulation of the natural rubber compounds using efficient vulcanization (EV) system. In the recipe, the contents of the experimental VT filler were varied from 0, 10, 20, 30, 40, 50, 60, and 70 parts per hundred (phr) of rubber whereas the other additives were kept constant. Each of the formulation was masticated and mixed with the compounding ingredients on a laboratory size (160 x 320 mm 2 ) two-roll mill maintained at 80 °C. The cure characteristics of the unvulcanized samples were determined by means of the Monsanto rheometer, MDR 2000 model. The compounded natural rubber was cured by compression moulding in a steam heated, hydraulically operated press with a pressure of 150 kg/cm 2 at a temperature of 185 °C using the respective cure times obtained from the Monsanto rheographs.
Determination of the physico-mechanical and equilibrium swelling (S eq ) properties of vulcanizates
The tensile properties (tensile strength, modulus and elongation at break) of the vulcanizates were measured with the Monsanto Instron 4301 Tensometer at a crosshead speed of 500 mm/min using the dumbbell shaped test specimens in accordance with the procedure described in ASTM D412 (1983) . The Wallace Croydon resiliometer 2A was used to measure the rebound resilience while the specific gravity and hardness of the vulcanizates were determined by Monsanto Densitron 2000 and Monsanto Duratron 2000 respectively. The abrasion resistance was determined by means of the Akron brader (BS, 1982) .
The equilibrium swelling (S eq ) properties of the natural rubber vulcanizates in organic solvents such as diesel oil, petrol and benzene were determined by gravimetric methods (BS, 1982; Imanah and Okieimen, 2004; .
Known weights of the test specimens were carefully cut into square shape and immersed in plastic bottles containing the solvents under investigation and tightly covered to exclude air and set aside at room temperature of about 25 °C. Each of the samples was removed from the containers, at a regular time interval, dried between filter papers, reweighed and immediately returned to the containers. This process of removing the samples from the containers, drying, reweighing and returning to the containers was continued until no noticeable change in weight was observed on the third day. The weight of each test sample after swelling was expressed as a percentage:
(Where W 1 and W 2 are the initial and final weights of each sample before and after swelling respectively). Table 2 summarizes the physicochemical characteristics of the natural rubber, Standard Nigerian Rubber (SNR 10 ) in comparison with other known standard rubbers, Standard African Rubber (SAR 10 ) and Standard Malaysian Rubber (SMR 5 ). The dirt, ash, Nitrogen and volatile matter contents, plasticity retention index (PRI) and Mooney viscosity of the rubbers were presented. Table 3 presents the physicochemical properties of the fillers, Velvet tamarind (VT) seed shell and carbon black, N330. The measured properties include; moisture content, loss on ignition, iodine adsorption number, pH, Mg, Na, K, Fe, Chloride contents, density and particle size ranges of the fillers. Tables 4 and 5 showed the cure characteristics of the fillers, CB (N330) and VT seed shell. The scorch time, cure time and maximum torque values at different, 0 -70 phr filler loadings, were presented.
RESULTS
The physico-mechanical properties of the SNR 10 vulcanizates, the CB (N330)-filled and VT seed shell-filled SNR 10 vulcanizates were summarized in Tables 6 and 7 . The tensile strength, modulus, elongation at break, specific gravity, rebound resilience, abrasion resistance, hardness, equilibrium swelling in diesel oil, petrol and benzene solvents were reported. 
DISCUSSION
Physico-chemical properties of the SNR 10
The data in Table 2 summarizes the physical prosperities of the SNR 10 under study. The values of the physical properties of the SNR 10 compared favourably with those of other standard natural rubbers such as Standard African Rubber and Standard Malaysian Rubber (RRIM, 1989; SAR, 1998; Akinlabi and Egbon, 2003) . The high values of the plasticity retention index (PRI) and Mooney Viscosity indicate a high resistance of the SNR 10 vulcanizates to ageing and flow respectively (Akinlabi and Egbon, 2003; .
Physico-chemical properties of the fillers
The results of the analyses shown in Table 3 revealed that VT filler has a higher moisture content compared to CB (N330) filler. High moisture content in a filler often leads to High filler dispersion in the polymer matrix resulting in a weak filler-polymer matrix adhesion hence poor mechanical strength properties of the vulcanizates (Pranut et al., 2001; Ray et al., 2001a; Wang et al., 2003; Puglia et al., 2005; Osabohien et al., 2006) . The CB (N330) filler has higher weight loss on ignition at 1000 0 C than the seed shell of Velvet tamarind (VT) suggesting that CB (N330) has a higher content of carbon or carbonaceous materials than the natural plant filler, VT seed shell. According to Horn (1982) , carbon black consists of 90-99% elemental carbon in addition to small quantities of combustible materials like sulphur, oxygen, halogens and organic compounds. It has been shown that the amount of carbon in a carbonaceous filler is a measure of its reinforcing effect; the higher the carbon content of a carbonaceous filler, the greater is its reinforcing potential Osabohien, 2010) . The results further showed that CB (N330) has higher iodine adsorption number thus indicating that it has a larger surface area (smaller particle size) than the VT filler. The surface area of a filler is the most important factor that determines its reinforcing effect while other filler related factors such as shape, structure, pH, surface activity and porosity act to modify or complement this effect of particle size on elastomers (Boonstra, 1984; Asore, 2000) . The results further showed that the aqueous slurry of VT filler was more acidic than that of CB (N330). It has been shown that the acidity of a filler influences both the crosslinking reaction during vulcanization and filler-rubber matrix interactions (Boonstra, 1984) . According to Boonstra (1984) , highly acidic fillers give little reinforcement and are prone to scorching. It has been shown that highly acidic fillers retard both the scorch time and cure time leading to poor mechanical properties of natural rubber vulcanizates (Iyasele and Okieimen, 2004) . The results also showed the various metallic and non-metallic constituents of VT seed shell. The presence of these surface groups has been shown to influence the surface reactivity of a filler and hence it's reinforcing ability (Iyasele and Okeimen, 2004; Osabohien et al., 2006) .
Cure characteristics of SNR 10 compounds
Tables 4 and 5 summarize the results of analyses of the cure characteristics of the natural rubber SNR 10 compounds filled with CB (N330) and VT seed shell at different filler loadings. The results showed that the scorch times and cure times of both CB (N330)-filled and VT-filled SNR 10 vulcanizates decreased while the maximum torques increased with increasing filler loading. These findings are consistent with previous research reports ( Iyasele and Okieimen, 2004; Mohamad et al., 2008) . These behaviours are attributed to filler related parameters such as surface area, particle size, humidity, pH, moisture content, metal and metal oxide contents, acid content and the type of accelerator used for compounding. The higher cure and scorch times of VT-filled compared to CB (N330)-filled SNR 10 vulcanizates may be due to the, smaller surface area, higher acidic, metallic and moisture contents of the VT seed shell filler.
The increase in maximum torques with increase in filler content implies a good fillerrubber matrix adhesion and a good interfacial bonding between the filler and matrix to form crosslinks which restricted the free mobility of the polymer chains. The higher maximum torque values of CB (N330) -filled SNR 10 vulcanizates could be attributed to the smaller particle size and larger surface area of CB (N330) compared to the VT filler (Table 3) .
Physico-mechanical properties of SNR 10 vulcanizates
Tables 6 and 7 summarize the physicomechanical properties of SNR 10 vulcanizates filled separately with CB (N330) and VT seed shell at different filler loadings. The results showed that the tensile strengths of both CB (N330) and VT-filled SNR 10 vulcanizates increased to optimum levels at 40 phr and 30 phr respectively above which they decreased with increasing filler content. This behaviour may be due to the phenomenon of "phase inversion" and agglomeration effect Mohamad et al., 2008) . The filler agglomerate is a domain that acts as an obstacle to filler dispersion, it increases with increasing filler loading and thus lowers the filler-rubber matrix interactions as the ratio of filler to the rubber matrix becomes too high hence the observed decrease in tensile strength after exceeding the optimum levels of filler loadings.
The results, however, revealed that VT seed shell filler manifested lower reinforcing potential than CB (N300) as shown by the lower tensile strength, torque, modulus at 100% strain, hardness and specific gravity but higher elongation at break and rebound resilience. These observations may be attributed to the larger partied size, smaller surface area, higher acidic (pH) content, higher tendency to agglomerate and higher moisture content of the VT filler as compared with CB(N330) filler which may have led to poor filler dispersion and poor filler-rubber matrix interactions resulting in lower degree of crosslinking in VT -filled vulcanizates. The higher elongation at break and higher rebound resilience of the VT-filled SNR 10 vulacanizates implies that their products would be less rigid and would be expected to have low hysteresis and heat build-up, while the lower specific gravity suggests that the VT-filled SNR 10 products would be lighter in weight than the CB(N330)-filled SNR 10 products. These observed gradations in the physico-mechanical properties of the SNR 10 vulcanizates are consistent with the observations made earlier in previous research studies (Pranut et al., 2001, Imanah and Osabohien et al., 2006; Mohamad et al., 2008; Osabohien, 2010) .
The results further showed that the percentage equilibrium swelling for both SNR 10-filled systems decreased with increasing filler content thus suggesting an increase in crosslink density as the filler loading increased. The higher the crosslink density the lower the swelling of the SNR 10 vulcanizates (George and Thomas, 2001 ). Thus equilibrium swelling in organic solvents depends on the nature of the filler and solvent, the crosslink density, extent of filler dispersion and the filler-rubber matrix compatibility (George and Thomas, 2001 , 2011 . The highest percentage equilibrium swelling in the unfilled SNR 10 compounds may be due to lowest crosslinks, so that the solvent molecules readily diffused through the rubber membranes to react with the rubber molecules to form solution. The decrease in percentage equilibrium swelling with increasing filler loading for both vulcanizate systems may be due to increasing degree of crosslinking which acts to compact the free volume in the polymer and thus reduced the diffusion rate of the solvent molecules through the polymer interface. The observed higher percentage equilibrium swelling values of VT-filled SNR 10 vulcanizates as compared to CB (N330)-filled types is due to its higher moisture content, higher acidity, lower structure, and larger particle size (Table 3 ). All these factors probably weakened the VTrubber compatibility and hence reduced the number of crosslinks so that there were lesser restrictions to the diffusion of the organic solvent molecules through the polymer membrane. It was also observed that the percentage equilibrium swelling was highest in benzene and least in diesel oil. This was probably due to the differences in molecular mass and diffusion coefficient. Benzene consists of single molecules with lower molecular mass (74 g) while kerosene and diesel oil are mixtures of hydrocarbons in the range C 10 -C 14 (for kerosene) and C 14 -C 19 (for diesel oil), therefore, benzene would be expected to diffuse faster than kerosene and diesel oil Diesel oil with the highest average molecular mass would diffuse slowest relative to kerosene and benzene. Similar observations were made by previous researchers (George and Thomas, 2001; AbuAbdeen and Abdel-Ghani, 2001; Okieimen and Imanah, 2005; Osabohien et al., 2011) .
Conclusion
This research is another contribution to the ongoing search for environmental friendly fillers from renewable natural plant resources that can substitute or compliment the conventional carbon black and synthetic inorganic fillers. The cure characteristics, physico-mechanical and equilibrium swelling properties of natural rubber, SNR 10 vulcanizates separately compounded with commercial grade carbon black (N330) and Velvet tamarind (VT) seed shell fillers were investigated. The results revealed that VT seed shell manifested a reinforcing effect on the SNR 10 vulcanizates, but its reinforcing potential is lower than that of CB (N330). This may be due to its higher moisture content, larger particle size, smaller surface area and higher acidity. These defects can be corrected by employing modern methods of wet and dry grinding and carbonization techniques to improve the surface area of the locally sourced filler. By these processes, the strength properties of the locally filled vulcanizates could be enhanced to optimum, desirable levels. 
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